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Summary 
We have (separately) disrupted all of the expressed 
macronuclear copies of the HHO gene encoding mac- 
ronuclear histone HI and of the micronuclear linker 
histone (MLH) gene encoding the protein MicLH in Tet- 
rahymena thermophila. These disruptions are shown 
to eliminate completely the expression df each protein. 
Strains without either linker histone grow at normal 
rates and reach near-normal cell densities, demonstrat- 
ing that linker histones are not essential for cell sur- 
vival. Histone Hl knockout (AHl) cells have enlarged 
DAPI-stained macronuclei and normal-sized micronu- 
clei, while MicLH knockout (AMicLH) cells have enlarged 
mlcronuclei and normal-sized macronuclei. AMicLH 
cells undergo mitosis normally. However, the mi- 
cronuclear mitotic chromosome structure is less con- 
densed. These studies provide evidence that linker 
histones are nonessential and are involved in chroma- 
tin packaging and condensation in vivo. 
Introduction 
The first level of chromatin compaction in virtually all eu- 
karyotes consists of 146 bp of DNA wound in 1.75 superhe- 
lical turns around a core histone octamer consisting of two 
molecules each of histones H2A, H2B, H3, and H4. Each 
class of core histone has been highly conserved in evolu- 
tion. In most organisms, a less conserved fifth histone, 
usually Hl, is thought to interact with an additional 20 bp 
of DNA as it enters’and leaves the nucleosomal core and 
with a variable length (average of 0 to - 60 bp, depending 
on the organism) of DNA that links adjacent nucleosome 
cores (for review see Van Holde, 1989). 
A variety of structural roles has been ascribed to linker 
histones, including completion and locking of the two DNA 
turns within a nucleosome, determination of average 
nucleosome spacing, and facilitation of folding or coiling 
of the 10 nm nucleosome-containing chromatin fiber into 
higher order structures (Garrard, 1991; Zlatanova and Van 
Holde, 1992). There is general agreement that the next 
level of compaction beyond the 10 nm fiber results in an 
-30 nm fiber, although there is little agreement about the 
arrangement of nucleosomes in the 30 nm chromatin fiber. 
Based on in vitro experiments demonstrating that the inter- 
conversion of 10 nm and 30 nm fibers depends on the 
addition or removal of linker histones, it is generally agreed 
that linker histones play a critical role in maintaining the 
structure of the 30 nm fiber (Thoma et al., 1979; Allan et 
al., 1981). It has also been suggested that linker histones 
may play a role in levels of chromatin compaction beyond 
that found in the 30 nm fiber (Weintraub, 1985). However, 
it should be noted that Hl is the only histone that can be 
removed from chromatin at moderate salt concentrations; 
therefore, the unfolding of the 30 nm fiber into a 10 nm 
fiber that accompanies Hl depletion may simply result 
from electrostatic repulsion of phosphates due to removal 
of the polycation and may not reflect a physiological func- 
tion of Hl. In vitro studies suggest that electrostatic inter- 
actions between Hl and DNA play a major role in chroma- 
tin folding (Clark and Kimuram, 1990). The positively 
charged tail of H 1 is thought to interact with linker DNA and 
thus could function in charge neutralization and chromatin 
condensation (Allan et al., 1980; Staynov and Crane- 
Robinson, 1988). It has been suggested that the well- 
known cell cycle-dependent phosphorylation of Hl by 
~34~~~ kinase could alter its charge to modulate chromatin 
condensation or decondensation (for review and conflict- 
ing views of the function of Hl phosphorylation in chromo- 
some condensation, see Roth and Allis, 1992; Bradbury, 
1992). Thus, while in vitro studies suggest that linker his- 
tones affect chromatin structure, the specific structural 
role of these histones in chromatin remains unclear. 
Numerous lines of evidence also suggest that linker his- 
tones can function to repress transcription from chromatin 
(for review and references, see Zlatanova and Van Holde, 
1992). Thus, transcription is greatly reduced when Hl is 
added to a chromatin template in vitro, and transcription- 
ally active genes have repeatedly been found to be asso- 
ciated with isolated chromatin fractions that are deficient 
in Hl. 
Most studies of Hl function have been performed in 
vitro or by analysis of isolated chromatin fractions. An un- 
fortunate limitation on in vivo studies of the function of 
linker histones has been the failure to demonstrate the 
existence of a linker histone in yeast, thus precluding the 
kinds of gene replacement experiments that have recently 
led to greatly increased understanding of the role of the 
core histones in transcriptional repression and activation 
(Grunstein, 1990). 
We have developed the ciliated protozoan Tetrahymena 
thermophila as a model for studying the function of linker 
histones in vivo. Like most ciliates, Tetrahymena contain 
two nuclei. Macronuclei in vegetative Tetrahymena are 
endoreplicated, transcriptionallyactive somatic nuclei that 
divide amitotically, without chromosome condensation or 
a mitotic spindle. Micronuclei in vegetative cells are dip- 
loid, transcriptionally inert nuclei that undergo a closed 
mitosis, without breakdown of the nuclear envelope. Dur- 
ing conjugation, the sexual phase of the ciliate life cycle, 
micronuclei undergo meiosis and give rise to gametic nu- 
clei that are reciprocally exchanged between the two con- 
jugating ceils. After exchange, the gametic nuclei fuse, 
creating a zygotic nucleus that divides to produce nuclei 
that differentiate into new macro- and micronuclei while 
the old macronucleus is destroyed (for review and refer- 
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ences, see Gorovsky, 1973, 1980). Thus, when consid- 
ered together, macro- and micronuclei perform most, if 
not all, of the functions in which linker histones might 
be implicated in the single nuclei in the cells of other eu- 
karyotes. 
Macro- and micronuclei contain different linker histones 
that have been extensively characterized. Macronuclear 
linkers are associated with an Hl whose size, solubility 
properties, lysine richness, and cell division-associated 
phosphorylation are typical of that class of histones, but 
that lacks the central globular domain found in the Hls 
of multicellular eukaryotes (Wu et al., 1966; Hayashi et 
al., 1987). It is encoded by the H/f0 gene. Micronuclear 
linkers are associated with four proteins (a, 6, y, and 6), 
collectively referred to as MicLH, that are derived by pro- 
teolytic processing from a 70 kDa polyprotein precursor 
encoded by the micronuclear linker histone (ML/+) gene. 
Both 6 and y resemble Hl histones in homology searches 
but, like macronuclear Hl, lack a globular domain. S is 
composed largely of two high mobility group (HMG) boxes. 
a is simply the uncleaved fusion of 6 and y (Wu et al., 
1994). Both the HHO gene and the MLH gene are present 
as single copies in the Tetrahymena (haploid) genome. 
We recently have developed methods for electropora- 
in Tetrahymena (Gaertig and Gorovsky, 1992; Gaertig et 
al., 1994a, 1994b). Here, we describe initial studies on 
the in vivo functions of Tetrahymena linker histones by 
(separately) disrupting the genes encoding macronuclear 
Hl or MicLH. We demonstrate that all of the macronuclear 
copies of these genes are knocked out. Because only mac- 
ronuclei are transcriptionally active in vegetative cells, no 
mRNAs or proteins for Hl or MicLH are detectable in the 
respective knockouts. Surprisingly, Tetrahymena shows 
little or no defect in vegetative growth in the absence of 
either linker histone, demonstrating that linker histones 
are not essential. In cells lacking the HHO gene, the mac- 
ronuclear area occupied by DNA is increased, while the 
micronucleus remains normal in size. In cells lacking the 
MLH gene, the DNA-staining area of the micronucleus is 
enlarged while the macronucleus remains normal in size. 
Cells lacking an MLH gene undergo apparently normal 
mitosis, but exhibit slightly less condensed mitotic chro- 
mosomal structure. These results demonstrate that linker 
histones are involved in compacting chromatin in vivo. 
Results 
HHO and MLH Disruption Constructs 
Transform Tetrahymena 
To knock out the HHO and MLH genes, we constructed 
two disruption plasmids: pHl-Neo and pLH-Neo (Figure 
1). Both constructs utilize a recently described gene dis- 
ruption cassette (Gaertig et al., 1994a) containing the prc- 
moter from the Tetrahymena HHF7 gene that encodes 
histone H4, a neo gene from Tn5 that confers paromomy- 
tin resistance on Tetrahymena, and a terminator derived 
from the 3’flanking region of the Tetrahymena BTU2 gene 
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Figure 1. Disruption Constructs and Macronuclear Genomic Maps of 
the HHO and MLH Loci 
(A) Map of the macronuclear HHO gene and the HHOreplacement 
insert. A 4.4 kb Hindlll fragment of pHl-Neo is shown. A 1.4 kb drug 
resistance marker was inserted between the Clal and Notl sites intro- 
duced by PCR. The stippled box is the HHF7 promoter, followed by 
the net gene and the BTU2 terminator (shown as a closed box). This 
insert does not contain an EcoRl site. The macronuclear genomic HHO 
gene is shown as a hatched box in a 11 .O kb EcoRl fragment. One 
EcoRl site is adjacent to the end of the Hl coding region. A 4.0 kb 
Hindlll fragment used as an HHO probe in the Southern and Northern 
blot analyses is shown as a bold line with an asterisk at its end. 
(6) Map of the macronuclear MLH gene and the MLH disruption insert. 
A 4.4 kb Sall-BamHI fragment of pLH-Net is shown. The neo marker 
with EcoRV and Smal blunt ends was inserted into a Stul site in the 
coding region of the MLH gene. The macronuclear genomic MLH gene 
is shown as a 3 kb fragment containing the MicLH coding region 
(shown as an open box). The MLH probe is a 0.3 kb EcoRl fragment 
from the MLH coding region (shown as a bold line with an asterisk at 
its end). All genes are transcribed in the direction indicated by the 
arrow. 
that encodes 6-tubulin. A 4.4 kb Hindlll fragment from 
pHl-Neo containing the disruption cassette flanked by 
HHO sequences (Figure 1A) was used to replace the mac- 
ronuclear gene encoding Hl . A 4.4 kb Sall-BamHI frag- 
ment from pLH-Neo containing the disruption cassette in- 
serted in the coding region of MLH (Figure 1 B) was used 
to disrupt the macronuclear gene encoding MicLH. Disrup- 
tion inserts were introduced into the developing mac- 
ronuclei of Tetrahymena conjugants by electroporation 
(Gaertig and Gorovsky, 1992), and cells were selected for 
paromomycin resistance. 
A single transformant, referred to as AH1 , was obtained 
with the HHO replacement construct. Seven transform- 
ants, referred to as AMicLH, were obtained with the MLH 
disruption construct. AH1 cells are resistant to very high 
paromomycin concentrations, up to 100 mglml, while the 
AMicLH clones resist up to 2.5 mglml paromomycin. 
Northern blot analysis indicates that neo mRNA expres- 
sion is at least ten times higher in AH1 than in AMicLH 
(data not shown). Since the same drug marker was used 
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in both cases, these differences probably reflect position 
effects on transcription. 
Southern Blot Analysis Indicates Complete Gene 
Replacement in AH1 and AMicLH 
The Tetrahymena macronucleus is polyploid, with most 
genes present in -45 copies in Gl phase (Gorovsky, 
1980). Initially, only a partial replacement of some of the 
endogenous genes occurs in a typical gene replacement 
experiment (Yao and Yao, 1991; Kahn et al., 1993; Gaertig 
et al., 1994b). However, because the macronucleus di- 
vides amitotically during vegetative growth, the multiple 
copies of each gene in the macronucleus are randomly 
distributed between the two daughter cells at each divi- 
sion, a phenomenon known as phenotypic assortment 
(Nanney, 1980). If the endogenous gene is not essential, 
then during growth under negative selective pressure, it 
can be completely replaced by assortment (Gaertig et al., 
199413). If a gene is essential, it can only be partially re- 
placed by disrupted copies. 
AH1 and AMicLH clones were grown in paromomycin- 
containing medium for 50-80 generations. Total genomic 
DNA was isolated from transformants as well as from un- 
transformed wild-type cells. Southern blot analysis was 
performed to determine the state of disruption for the 
genes encoding both Hl and MicLH. An HHOspecific 
probe (Figure 1A) was used to hybridize EcoRI-digested 
total genomic DNA on a Southern blot (Figure 2A). In wild- 
type cells, two bands of 4.0 and 8.6 kb are derived from 
the macronuclear HHO gene. A weak 7.6 kb band corre- 
sponds to the micronuclear version of HHO, whose flank- 
ing region contains a 1 kb sequence that is deleted during 
macronuclear development &Vu, 1989). As expected, the 
AMicLH strains have the same pattern as wild type. In 
AHl, only a major 11 kb band was present, indicating that 
replacement of the HHO gene had occurred. No bands of 
the size expected for the wild-type macronuclear HHO 
gene were detected. However, since total cell DNA was 
used, a weak micronuclear Hl band corresponding to the 
micronuclear HHO gene was present. These results sug- 
gest that a complete ieplacement of the genes encoding 
Hl had occurred in the macronucleus. 
After stripping the blots, an MLH-specific probe (see Fig- 
ure 16) was used for hybridization (Figure 2A). In the wild 
type, a 0.3 kb band was observed that corresponds to both 
micro- and macronuclear versions of the MLH gene (there 
is no micronuclear-specific sequence in the vicinity of the 
MLH gene). The same band was detected in AHl. In 
AMicLH, a 1.7 kb band was prominent, indicating that 
most, if not all, of the wild-type MLH genes in the macronu- 
cleus had been disrupted. All seven AMicLH clones 
showed the same pattern (data not shown). 
Northern Blot Analysis Indicates Complete Gene 
Replacement in AH1 and AMicLH 
To confirm the complete replacement of the HHO and MLH 
genes with their respective disrupted versions, we per- 
formed Northern blot analyses. Total RNA was isolated 
from AHl, AMicLH, and wild-type cells, and the same 
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Figure 2. Southern and Northern Slot Analyses of AH1 and AMicLH 
Strains Indicating Complete Gene Disruptions 
(A) Southern blot analysis of AH1 and AMicLH. Total cell DNA (15 
ug) was digested with EcoRI. Using the 4.0 kb HHO probe, two strong 
bands (4.0 kb and 6.6 kb) are detected in wild type (WT) as well as 
in AMicLH. These consist mainly of macronuclear HI genes. In the 
AH1 strain, an 11 .O kb band is the size expected for the replacement 
fragment while the 7.6 kb and 4.0 kb bands are derived from the 
micronuclear Hi gene, which differs slightly from the macronuclear 
Hl gene because of an adjacent micronuclear-specific sequence that 
is eliminated during macronuclear formation. Using the 0.3 kb ML/-/ 
probe, a 0.3 kb band can be seen in wild type and AHl. In AMicLH, 
a 1.7 kb band indicates complete disruption of MicLH gene in the 
macronucleus. 
(6) Northern blot analysis of total cell RNA in wild-type (WT), AHl, 
and AMicLH strains. Total RNA (15 ug) was analyzed in each lane. 
Using the HHO probe, a 1.4 kb Hl message can be seen in wild type 
and AMicLH, but is not detectable in AHl. Using the MLH probe, a 
2.4 kb MicLH message band is seen in wild type and AHI, but not in 
AMicLH. 
probes used for Southern blot analysis (see Figure 1) were 
used to detect their messages on an RNA blot. With the 
HHO-specific probe, the expected 1.4 kb Hl message (Wu 
et al., 1988) was detected in wild-type as well as in AMicLH 
cells, but not in AHl, even after prolonged exposure (Fig- 
ure 28). With the MLH-specific probe, the expected 2.4 
kb MicLH message (Wu et al., 1988) was detected in both 
wild type and AHl, but not in AMicLH (Figure 28). Thus, 
no mRNA encoding Hl is made in AHl, and no mRNA 
encoding MicLH is made in AMicLH, consistent with the 
knockout of all the endogenous macronuclear genes in 
each case. 
Absence of Hl Protein in the Macronucleus of AH1 
Cells and of MicLH Peptides in the Micronucleus 
of AMicLH 
To determine whether Hl protein is made in AH1 and 
whether MicLH peptides (a, 6, y, and 6) are made in 
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AMicLH, we performed Western blot analysis. Whole-cell 
proteins from AH 1, AMicLH, and wild-type cells were sep 
arated on an SDS-polyacrylamide gel and blotted onto 
an lmmobilon P membrane (Millipore). A rabbit polyclonal 
anti-HI antiserum (Chicoine et al., 1985) was used to de- 
tect Hl. In wild type and AMicLH, an Hl doublet was de- 
tected, corresponding to phosphorylated and nonphos- 
phorylated formsof Hl (Glover et al., 1981). No Hl protein 
was detected in AH1 cells (Figure 3A). Using an anti-b 
antibody (provided by Dr. C. D. Allis, Syracuse University), 
we detected 6 peptide in wild-type and in AH1 cells, but 
not in AMicLH transformants (Figure 3A). 
To determine the complete histone complement of trans- 
formed cells, we analyzed acid-soluble nuclear proteins 
from AHl, AMicLH, and wild-type cells by two-dimen- 
sional gel eletrophoresis. In the total macronuclear acid- 
soluble proteins (Figure 3B) of wild-type cells, besides four 
core histones, Hl is easily detectable as two spots, corre- 
sponding to the phosphorylated and nonphosphotylated 
forms of Hl described above. Remarkably, there is no 
trace of Hl protein in the macronuclear acid-soluble pro- 
teins of AH1 cells, while all core histones remain un- 
changed. AMicLH cells show the same macronuclear 
staining pattern as in wild type (data not shown). When 
micronuclear acid-soluble proteins are examined (Figure 
3C), MicLH peptides a, 8, and y can be seen in wild-type 
cells (6 is not easily seen using our method of micronu- 
cleus isolation, but is detected with anti-8 antibody in wild 
type and AHl, but not in AMicLH, as shown in Figure 
3A). No MicLH peptides are present in the micronuclear 
acid-soluble proteins of AMicLH. AH1 has MicLH peptides 
in its micronuclear acid-soluble proteins, as in wild type 
(data not shown). Thus, these analyses of acid-soluble 
proteins in the knockout strains argue strongly that expres- 
sion of Hl in the AH1 strain and of MicLH in the AMicLH 
strains has been completely eliminated. 
Linker Hlstones Are Not Essential for 
Vegetative Growth 
Much toour surprise, thegrowth ratesof AH1 and AMicLH 
are indistinguishable from those of wild-type cells (Figure 
4). At 30% in the linear part of the growth curve, wild-type 
cells double every 2.5 hr, while AH1 and AMicLH have 
2.5 and 2.8 hr doubling times, respectively. We also could 
detect no differences in growth among AHl, AMicLH, and 
wild-type cells at higher or lower temperatures (data not 
shown). Thus, linker histones are not essential for the veg- 
etative growth of Tetrahymena, and their absence has little 
effect on growth. 
Linker Histones Are involved in Chromatin 
Condensation in Interphase Nuclei 
To determine whether linker histones were involved in 
packaging interphase chromatin, we measured the sizes 
of 4’$-diamidine-2-phenyl-indole (DAPI)-stained macro- 
and micronuclei from AH1 , AMicLH, and wild-type cells. 
We find a consistent correlation between the loss of the 
linker histone in either type of nucleus and an increase in 
the DAPI-stained area (Figure 5). In cells lacking Hl, 
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Figure 3. Western Blot and Two-Dimensional Gel Analyses of Pro- 
teins from Wild-Type and Knockout Strains 
(A) Western blot analysis. To avoid loss of histone fractions during 
nuclear fractionation, whole-cell protein from 1 x 106 cells was ana- 
lyzed in each lane. Using an anti-H1 antibody, two bands with a nominal 
mobility of - 30 kDa compared with nonhistone markers were detected 
in wild type (WT) as well as in AMicLH, but not in AHl. The upper 
band is phosphorytated Hi (indicated as Hip); the lower band is non- 
phosphorylated Hi (shown as Hl). Using an anti-8 antibody, a 30 kDa 
band corresponding to S peptide derived from MicLH can be seen in 
wild type and AHl, but not in AMicLH. 
(8) Two-dimensional gel analyses of macronuclear acid-soluble pro- 
teins. Acid-soluble proteins from 3 x I@ isolated macronuclei were 
separated on an acid-urea (AU) gel in the first dimension then in an 
SDS-polyacrylamide (SDS) gel in the second dimension, as indicated 
by the arrows. In wild-type (WT) nuclei, core histones H2A, H2B, H3, 
and H4 can be seen. Hl is represented as two spots, corresponding 
to the phosphorylated and nonphosphorylated forms. In AHl, core 
histones can be seen, but HI is absent. 
(C) Two-dimensional gel analyses of micronuclear acid-soluble pro- 
teins. Acid-soluble proteins from 3 x 10’ isolated micronuclei were 
used in each gel as described above. In the wild type (WT), core his- 
tones can be seen as can MicLH peptides a, 3, and y. In this prepara- 
tion, 5 was lost during micronucleus isolation. In AMicLH, core his- 
tones are visible, but none of the MicLH peptides were detected. 
we observed an enlarged area of macronuclear staining, 
while the micronuclear staining area remains the same 
size as in wild-type cells. In contrast, cells lacking MicLH 
have normal-sized macronuclei, but their micronuciear 
DAPI-stained areas are dramatically enlarged. Macro- and 
micronuclear DNA contents of AH1 and AMicLH cells are 
indistinguishable from those of wild-type cells as deter- 
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Figure 4. Growth Curve of Wild-Type, AHl, and AMicLH Strains 
Ceils were grown at 30% in 1 x SPP medium, Cell density was mea- 
sured every 2 hr up to 26 hr. Saturation density was measured at 30 
and 40 hr. Cell density is plotted on a log scale. Doubling times are 
listed in hours. Open squares, wild type; open triangles, AHl; open 
circles, AMicLH. 
mined by fluorescence-activated cell sorting (FACS) of 
propidium iodide-stained nuclei (data not shown). Thus, 
the increase in the DAPI-stained area of interphase mac- 
ronuclei in AH1 cells and of micronuclei in AMicLH cells 
must be due to the chromatin decondensation that accom- 
panies the loss of linker histones. Because linker histones 
are associated with DNA in chromatin, it seems likely that 
these differences reflect a direct effect of these proteins 
rather than an effect on nuclear volume that indirectly af- 
A 
fects chromatin compaction. This provides an in vivo dem- 
onstration that linker histones are involved in chromatin 
condensation in interphase nuclei. 
Micronuclear Mitosis without MicLH 
During the cell cycle of Tetrahymena, the micronucleus 
divides mitotically while the macronucleus divides amitoti- 
tally. Some chromosome condensation occurs during mi- 
cronuclear mitosis, although distinct individual mitotic chrc+ 
mosomes are difficult to see (Elliott, 1963). Since linker 
histones are thought to be involved in chromosome con- 
densation during mitosis, we looked at mitosis in AMicLH 
cells. In Tetrahymena, micronuclear division precedes 
macronuclear division. During wild-type micronuclear mi- 
totic division (Figures 6a-6c), the micronucleus moves 
away from the macronucleus and elongates (Figure 6a), 
after which condensed mitotic chromosomes segregate 
into two daughter micronuclei (Figure 6b). Finally, each 
daughter micronucleus moves to one end of the peanut- 
shaped dividing cell, and the macronuclear amitotic divi- 
sion begins (Figure 6~). In AMicLH cells, mitosis appears 
to take place normally (Figures 6d-69. Chromosome con- 
densation occurs despite the absence of MicLH peptides 
(Figure se). However, when comparing the degree of mi- 
cronuclear chromosomal condensation of similar mitotic 
stages between wild type and AMicLH, cells lacking 
MicLH have less condensed (slightly enlarged) micronu- 
clear chromosomal structures (compare Figures 6a and 
6d, 6b and 6e, and 6c and 69. These results suggest that 
mitotic chromosome condensation can occur without a 
linker histone, but that the linker histone has an effect on 
the degree of condensation. Thus, the effects of linker 
histones on interphase and mitotic chromatin structure 
seem similar. 
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Figure 5. Interphase Chromatin Condensa- 
tion in Wild-Type, AHl, and AMicLH Strains 
(A) DAPI-stained nuclei from interphase cells. 
The top image is wild-type (WT) nuclei. In the 
middle image, a AH1 cell shows an enlarged 
macronucleus and wild type-sized micronu- 
cleus. The bottom image shows a AMicLH cell 
with an enlarged micronucleus and wild type- 
sized macronucleus. 
(9) Histogram of nuclear sizes. The DAPI- 
stained areas of 100 macro- or micronuclei 
were measured in interphase cells. Nuclear 
size is presented as arbitrary units. The mean 
and standard error are shown in each graph. 
The three histograms on the left represent mac- 
ronuclear size distributions. Wild type and 
AMicLH have similarly sized nuclei, while AH1 
macronuclei are larger. The three histograms 
on the right show micronuclear size distribu- 
tions. Wild-type and AH1 have comparably 
sized peaks, while AMicLH micronuclei are 
larger. Note that the DNA contents of macro- 
and micronuclei from AH1 and from AMicLH 
are indistinguishable from those of wild-type 
cells (data not shown). 
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Figure 6. Comparison of Mitosis in Wild Type 
and AMicLH 
(a)-(f) are images of DAPI-stained nuclei from 
dividing ceils. (a)-(c) show micronuclear mito- 
sis in wild-type cells. (e) and (9 show corre- 
sponding stages of mitosis in AMicLH cells. 
(a) and (d) show micronucleus elongation and 
migration away from the macronucleus. (b) and 
(e) show the segregation of condensed mitotic 
micronuclei. (c) and (9 show recently divided 
daughter micronuclei and dividing macro- 
nuclei. 
Double Knockout of the MLH and the HHO Genes 
To rule out the possibility that MLH and HHO genes have 
redundant functions, we performed a double knockout of 
both genes. Because old macronuclei are eliminated dur- 
ing conjugation, cells initially containing a complete gene 
knockout for one gene cannot be retransformed byelectro- 
porating conjugants. However, we have shown elsewhere 
that cells initially transformed by gene replacement during 
conjugation can be retransformed by direct microinjection 
of DNA into the macronuclei of vegetative cells (Gaertig 
et al., 1994b). Because the AMicLH strains are resistant 
to a much lower level of paromomycin than the AH1 strain, 
we reasoned that it should be possible to retransform the 
AMicLH strains described above with the Hl knockout 
construct (see Figure 1A) and to select at higher levels of 
paromomycin than AMicLH cells can tolerate. As shown 
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
anaylsis (Figure 7), such a strain has been obtained, and, 
as expected, it produces little or no detectable Hl (note 
that this strain had been shown previously to be a complete 
knockout for the MLH gene, as shown in Figures 2 and 
3). This AALH double knockout shows no obvious growth 
defects and, coupled with the lackof increase of Hl mRNA 
or protein in the AMicLH strains and of MicLH mRNA or 
protein in the AH1 strain, argues strongly that the two 
linker histone genes in Tetrahymena are not simply func- 
tionally redundant. 
Discussion 
With the notable exception of the yeast Saccharomyces 
cerevisiae, all eukaryotic organisms whose histone com- 
plements have been extensively characterized contain a 
linker histone (Van Holde, 1989). It is therefore somewhat 
surprising that complete elimination of either macronu- 
clear Hl or MicLH does not have a marked effect on the 
growth of Tetrahymena. One possible explanation of these 
results is that, when one of the two Tetrahymena linker 
histones is eliminated, expression of the other one in- 
creases to compensate for the loss. This possibility is ruled 
out by the observation that expression of both genes can 
be eliminated simultaneously (Figure 7). Another possibil- 
ity is that the expression of some other linker histone-like 
protein increases to compensate for the loss. For example, 
the HMG proteins (Ner, 1992) are aset of abundant nonhis- 
tone proteins that have been implicated in chromatin struc- 
ture (Lilley, 1992) and in transcription regulation (Wolffe, 
1994). In early Drosophila development, HMG-D, a homo- 
log of vertebrate HMG-1, is associated with embryonic 
chromatin in the absence of H 1, suggesting it is capable 
of packaging less condensed embryonic chromatin in the 
place of Hl (Ner and Travers, 1994). Interestingly, 6, one 
of the four peptides derived from the MicLH precursor, is 
MW WT AALH AMicLH 
31kD 
Figure 7. SDS-PAGE of Perchloric Acid-Soluble Proteins Extracted 
from Wild-Type, AALH. and AMicLH Whole Cells 
AALH cells are missing phosphorylated (Hl 0) as well as nonphosphor- 
ylated (Hl) forms of Hl that can be seen wild-type (WT) and in AMicLH 
cells. MW, molecular weight markers. 
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closely related to HMG proteins (Wu et al., 1994). How- 
ever, the Tetrahymena linker histones are quantitatively 
major constituents of the nucleus in which they reside, 
and we have been unable to detect major increases in 
any other proteins when total SDS-soluble proteinsof mac- 
ronuclei from AH1 or micronuclei from AMicLH cells are 
analyzed (data not shown). We cannot rule out the possibil- 
ity that small increases in a large number of diverse linker- 
binding proteins occur to compensate for the loss of the 
normal linker histones. 
The demonstration that Tetrahymena macro- and mi- 
cronuclei can function without their linker histones makes 
the absence of linker histones from S. cerevisiae more 
believable and less likely to be artifactual since we have 
in a sense recreated by gene disruption the loss of a linker 
histone that likely occurred during yeast evolution. This 
absence almost certainly is due to the loss of Hl during 
yeast evolution rather than the acquisition of Hl by most 
other organisms. Organisms that branched off of the eu- 
karyotic phylogenetic tree before yeast (trypanosomes, 
ciliates, slime molds, and plants) and after yeast (metazo- 
ans) have Hl . The most parsimonious explanation of these 
relationships is that the common ancestor of all eukaryotes 
contained Hl and that the Hl gene was lost once during 
yeast evolution rather than that it arose independently in 
multiple lineages. 
It could be argued that nuclear dimorphism and the 
somewhat unusual nature of the Tetrahymena linker his- 
tones do not allow generalization of our finding that the 
linker histones do not perform an essential function. While 
testing such a suggestion ultimately requires development 
of another biological system in which the function of all 
of the Hi genes in a sexual, multicellular organism can 
be completely eliminated, a number of arguments suggest 
that our results in Tetrahymena are likely to be general. 
First, as noted above, S. cerevisiae lacks linker histone 
in its single nucleus that is capable of both mitosis and 
meiosis. Second, between them the macro- and micro- 
nuclei perform all of the major functions that can be associ- 
ated with the single nuclei of other cell types or with the 
diverse cell types gf multicellular organisms (mitosis, mei- 
osis, replication, regulated transcription, et cetera). Thus, 
the fact that, taken together, macro- and micronuclei per- 
form all of the functions with which linker histones may 
be associated, together with the fact that neither Hl nor 
MicLH is essential, makes it unlikely that an essential 
linker histone function has been overlooked in our studies. 
Third, between them, macronuclear Hl and MicLH appear 
to exhibit the same highly specific phosphorylations found 
on the Hls of multicellular organisms. Like these, mac- 
ronuclear Hl has been shown to be phosphorylated in a 
growth-dependent fashion by a ~34~~~ kinase, and the 
same sites are phosphorylated by the endogenous Tetra- 
hymena kinase and by the mammalian kinase (Roth et 
al., 1991). MicLH, on the other hand, appears to be phos- 
phorylated by CAMP-dependent protein kinase A (Sweet 
and Allis, 1993; Wu et al., 1994) as is the Hl of higher 
eukaryotes (Hohmann, 1983). Fourth, macronuclear Hl 
must interact with a core histone complement that is strik- 
ingly similar to that found in higher eukaryotes, containing 
an evolutionarily conserved H2A, F/Z-like variant (White 
et al., 1988; lwamura et al., 1979; Thatcher and Gorovsky, 
1994) and an H3.3-like basal variant (Bannon et al., 1983; 
Thatcher et al., 1994) in addition to the four major core 
histones. Macronuclear core histones also contain most, 
if not all, of the secondary modifications found in the core 
histones of multicellular eukaryotes (Gorovsky, 1986). Fi- 
nally, macronuclear histone Hl has the solubility proper- 
ties and the amino acid composition typical of other Hls 
(Gorovsky et al., 1974), although it lacks a typical globular 
domain (Wu et al., 1986). Coupled with the fact that the 
linker histones of higher eukaryotes also show consider- 
able sequence heterogeneity (Khochbin and Wolffe, 
1994) the similarities in composition and secondary modi- 
fications all argue that most of the structural and functional 
roles of linker histones in Tetrahymena are likely to be 
similar, if not identical, to those in multicellular organisms. 
Our observations that Tetrahymena linker histones are 
not essential but affect chromatin condensation in vivo 
confirm and extend recent studies on the function of linker 
histones and chromosome-condensing proteins in the 
Xenopus in vitro egg extract. In that system it has been 
shown that chromosome condensation (Ohsumi et al., 
1993) nuclear assembly, and DNA replication (Dasso et 
al., 1994) are unaffected in extracts that have been immu- 
nodepleted of linker histones and that other nonhistone 
proteins (topoisomerase II and, particularly, the SMC-type 
proteins XCAP-C/E) play major roles in mitotic chromo- 
some condensation (Hirano and Mitchison, 1993, 1994). 
Our observation that chromatin condensation in vivo is 
detectably but not markedly reduced by eliminating linker 
histones differs from the observations in the Xenopus egg 
extract, where no effect of linker histone depletion on con- 
densation was detected (Ohsumi et al., 1993). The basis 
for this difference is unclear. Because the effect we ob- 
served was small, it could have been missed in the Xeno- 
pus studies. Alternatively, it could reflect differences be- 
tween in vivo and in vitro results or between Tetrahymena 
and Xenopus linker histones. Further studies are neces- 
sary to resolve this difference. 
The fact that interphase chromatin compaction and mi- 
totic chromosome condensation are affected to only a 
small extent also sheds some light on the controversy on 
the mechanism by which linker histone phosphorylation 
affects chromatin condensation. Bradbury (1992) has ar- 
gued that linker histone phosphorylation per se plays an 
active role in mitotic chromosome condensation. Roth and 
Allis (1992) have argued instead that Hl phosphorylation 
merely loosens the association of Hl with chromatin (and 
may actually decondense chromatin somewhat), enabling 
other proteins to interact with it to cause mitotic chromo- 
some condensation. Since we find that chromosome con- 
densation still occurs in the absence of MicLH, our results 
argue either that other phosphorylation events are redun- 
dant with linker histone phosphorylation or that the ab- 
sence of MicLH, like its phosphorylation, still enables con- 
densing proteins (such as the Tetrahymena equivalents 
of the Xenopus XCAP proteins) to interact with chromatin. 
Given the recently discovered active role of the SMC-type 
proteins in chromosome condensation (Peterson, 1994) 
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and the obvious similarity between the phosphorylation- 
induced Hl dissociation postulated by Roth and Allis (1992) 
and Hl removal by gene disruption, we favor the second 
alternative. 
In the absence of precise knowledge of nuclear and 
chromosome volumes and of the fraction of the nuclei or 
chromosomes occupied by chromatin, we cannot com- 
pute the precise extent to which the linker histones affect 
compaction of interphase or of mitotic chromosomes in 
Tetrahymena. Such studies will require precise measure- 
ment using fluorescence in situ hybridization (Trask, 1991; 
Van den Engh et al., 1992; Lichter et al., 1988; Pinkel et 
al., 1988) of the physical space occupied by DNA probes 
whose spacing is known. We also have not directly meas- 
ured the effects of linker histone loss on the repression 
of the transcription of specific genes, a function in which 
linker histones has been implicated (Zlatanova and Van 
Holde, 1992; Juan et al., 1994); such studies are now in 
progress. However, it seems clear that the absence of Hi 
in Tetrahymena cannot result in drastic derangement of 
the normal mechanisms of gene regulation since the Hi 
knockout strain grows quite normally. Similarly, knocking 
out either the HHO or MLH gene in Tetrahymena does not 
affect DNA replication or any other nuclear functions that 
affect vegetative growth. 
It is worth noting at this point that we have not yet tested 
the function of Hl or MicLH during conjugation, when cells 
of different mating type pair and micronuclei undergo mei- 
osis to produce gametic nuclei that, after reciprocal ex- 
change and fertilization, give rise to new macro- and mi- 
cronuclei while the old macronucleus breaks down (for 
review see Orias, 1988). Analysis of the function of linker 
histones during conjugation will require construction of 
knockout strains of different mating types. Moreover, anal- 
ysis of Hl and MicLH function during conjugation will re- 
quire knocking out these genes in the germline micronu- 
cleus rather than in the somatic macronucleus (as in this 
study) to analyze the effect during later stages of conjuga- 
tion, when the old macronucleus is being degraded and 
new macronuclei are developing. Unfortunately, methods 
for germline transformation are not yet available in Tetra- 
hymena. 
In summary, we have created in vivo knockouts of linker 
histones, and we have shown that they are viable and that 
linker histones have a detectable effect on interphase and 
mitotic chromatin condensation in vivo. 
Experimental Procedures 
Plaamid Constructions 
pTtWH1 is a pUC18 pfasmid into which a Hind81 macronuclear frag- 
ment containing the HHOgene was inserted. The HHOB’and 3’regions 
without any coding sequences were obtained by polymerase chain 
reaction (PCR) from this plasmid using the foffowing primers: 5%CAT- 
CGATCTCITATCAAATATCTAAGAOGAAGS’and 5’-CCGCGGCCG- 
CTGCATACAATGAATGTGTATTCC-3’. The resulting PCR fragment 
containing the HHO 5’flanking region, pUC18, and the HHO B’flanking 
region was digested with Clal and Notl and then ligated to a Clal-Notl 
restriction fragment of p4T2-1 (Gaertig et al., 1994a) from which the 
Hindlll site had been deleted. This fragment contains a 5’~HHFI-neo- 
BTfJ2-B’cassette that confers paromomycin resistance (Gaertig et al., 
1994a). The final construct, referred to as pHl-Neo, was cut with Hin- 
dill, and a 4.4 kb insert containing the HI/O 5’and 3’sequences inter- 
rupted by the drug resistance cassette was released and used for 
transformation. The ML/f disruption construct was cloned by inserting 
an EcoRV-Smal restriction fragment from p4T2-1 containing the drug 
marker cassette into the Stul site of pLH. pLH was constructed by 
ligating a 3.0 kb PCR product containing the ML/-f gene and its flanking 
sequences obtained from Tetrahymena genomfc DNA with a primer 
specific for the MLHB region (5’-ITTfTGlTAAAlTTCAAAATTAAC-3~ 
and a primer specific for MLff 3’ region (S’GATAGATAGATAA- 
AlTGllTG-3’) to a modified (T-tailed by digesting with Xcml to facili- 
tate ligation of A-tailed PCR product) Bluescript KS(+) vector (Stra- 
tagene). The final construct, pLH-Neo. was digested with Sall and 
BamHl to release a 4.4 kb insert used in transformation. This insert 
contained the entire MLH gene interrupted by the drug resistance 
cassette at nucleotide position 731 after the ATG start codon. 
Electroporatlon-Mediated Gene Replacement 
T. thermophila strains CU428 Mpr/Mpr, Pm+/Pm+ (6methylpurine- 
sensitive, paromomycin-sensitive, VII) and 82086 Mpr+/Mpr+, Pm+/ 
Pm+ (methyfpurine-sensitive, paromomycinsensitive, II) were pro- 
vided by P. J. Bruns (Cornell University). Transformation was per- 
formed according to the protocol of Gaertig and Gorovsky (1992). 
CU428 and 82088 cells were grown in 1 x SPP medium (Gorovsky 
et al., 1975)to2 x lost03 x lOcells/ml, harvested, and thenstarved 
in 10 mM Tris-HCI (pH 7.5) for 12 hr. Conjugants were adjusted to 
3 x 10’ cells/ml in 10 mM HEPES (pH 7.4) 9 hr after mixing the two 
strains of cells. Insert DNA (50 ng) in 125 pl of 10 mM HEPES (pH 
7.4) was mixed with 125 al of cells and then electroporated in BTX 2 mm 
disposable electroporation cuvettes using an Electra Cell Manipulator 
600 (BTX) under the following conditions: 250 V, field strength of 1250 
V/cm, capacitance of 275 frF, resistance of 13 ohms). Electroporated 
cells were resuspended in 20 ml of SPP medium 1 min after the pulse. 
Cells were plated on sixteen 96-well microtiter plates. Paromomycin 
(Sigma Chemical Company) was added 18 hr later to a final concen- 
tration of 125 wg/ml. Transformants were obtained 4-5 days later as 
paromomycin-resistant clones. 
Mlcroinjectlon-Mediated Gene Replacement 
To obtain a double knockout of the MLH and the HHO genes, we 
retransformed AMicLH cells by microinjection as described by Ton- 
dravi and Yao (1986). Hindllldigested pHl-Neo (Figure 1) at a concen- 
tration of 250 ng/nl was directly microinjected into the macronuclei of 
60 AMicLH cells growing in 300 ug/ml paromomycin. We placed two 
to three microinjected cells in drops of 1 x SPP medium containing 
300 &ml paromomycin in a Petri dish and incubated them for 48 hr at 
30°C. Drops containing growing cells were transferred into microtiter 
plate wells containing 1 x SPP medium, and paromomycin was added 
to a final concentration of 15 mglml. a concentration that kills the host 
AMicLH transformant but at which AH1 transformants grow. Three 
transformed lines appeared after 4-5 days that grew well at the high 
drug dose. 
Southern Blot Analysis 
Total genomic DNA was isolated as described by Gaertig and Gorov- 
sky (1992) from AHl, AMicLH, and wild-type CU428 cells. Genomic 
DNA (15 pg) was digested with EcoRI. To probe for the /f/f0 gene, 
a 4 kb Hindlll fragment from pTtWH1 containing the HHO 5’, coding, 
and 3’ regions (Figure 1A) was labeled with [a-=P]dATP by random 
priming. To probe for the ML/i gene, a 300 bp EwRl fragment from 
pLH containing the MLHcoding sequence was used as a probe (Figure 
1 B). Southern blotting was performed according to standard proce- 
dures (Maniatis et al., 1982). Hybridization was carried out at 65OC. 
Northern Blot Analysis 
Total RNA was isolated according to the protocol of Chirgwin et al. 
(1979). RNA (10 Kg) was electrophoresed on a 2.2 M formaldehyde- 
0.7% agarose gel. The gel was blotted onto Magnagraph nylon mem- 
branes (MS1 Incorporated), and hybridization was carried out at 42OC 
in 50% formamide according to the instructions of the manufacturer, 
using the same probes as for the Southern blots. 
Western Blot Analysis 
SDS-PAGE and Western blotting were performed by standard tech- 
niques (Ausubel et al., 1988). Samples were derived from logarithmi- 
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tally growing cultures of AH1 or AMicLH strains as well as from 
CU428. Cells were harvested and washed in 10 mM Tris-HCI (pH 7.5) 
and then dissolved in 1 x SDS sample buffer containing 5% 6-mercap- 
toethanol (BME), 10% glycerol, 2% SDS, 60 mM Tris-HCI (pH 6.6). 
Protein from 1 x 10s cells was loaded in each lane. A polyclonal 
anti-HI antibody from rabbit (Johmann and Gorovsky, 1976) was used 
(at 1:500 dilution) to detect Hl on Western blots. An anti-6 serum from 
rabbit was a gift from C. D. Allis (Syracuse University) and used (1:250 
dilution) to detect MicLH 6 peptide. HRP goat anti-rabbit IgG (Sigma 
Chemical Company) was used (1 :lOOO dilution) as secondary antibody 
according to the instructions of the manufacturer. 
Two-Dimensional Gel Electrophoresis 
Macro- and micronuclei were isolated from growing cells according 
to the protocol of Gorovsky et al. (1975). Macronuclei (3 x 10s) or 
micronuclei (3 x 103 were extracted with 0.4 N H,SO, for 12 hr at 
4OC, and the acid-soluble material was precipitated with 20% TCA for 
30 min. Precipitated proteins were washed with acetone-0.2% HCI 
and then acetone alone and finally dissolved in acid-urea sample 
buffer (4 M urea, 5% acetic acid, and 0.02% pyronin Y). Two-dimensional 
gel electrophoresis was done as described by Allis et al. (1964). Pro- 
teins were first resolved on 15% acid-urea polyatrylamide gel and 
then stained with Coomassie brilliant blue. Stained gel lanes were cut 
and equilibrated in 62.5 mM Tris-HCI (pH 6.8) for 1 hr in the presence 
of 0.5% BME and then further resolved in the second dimension on 
a 22% SDS-polyacrylamide gel. 
One-Dlmenslonal SDS Gel Electrophoresis 
To determine the Hl content of double knockout cells, we analyzed 
3 x 10” wild-type, AMicLH, or AALH cells with 0.5 N perchloric acid 
for 1 hr a1 4OC, and perchloric acid-soluble material was precipitated 
with 20% trichloroacetic acid for 30 min at 4OC. Precipitated proteins 
were washed with acetone-0.2% HCI and then acetone alone and 
were finally dissolved in SDS gel sample buffer and separated on a 
0.1% SDS-12% polyacrylamide gel as described by Laemmli (1970). 
To examine total macro- or micronuclear proteins, we isolated 5 x 
10’ macronuclei or 3 x 10’ micronuclei as described by Gorovsky et 
al. (1975), dissolved them in gel sample buffer, and analyzed them 
by SDS-PAGE (Laemmli, 1970). 
Growth Analysls 
AHl, AMicLH, and CU428 cells were used to inoculate 50 ml of 1 x 
SPP medium at starting densities of 1 x IO’ cells/ml. Cultures were 
grown at 14OC, 18OC, 30°C, 35OC, and 40°C with vigorous shaking. 
Culture (100 ul) wascounted in aCoulter Counter (Coulter Electronics, 
Incorporated) at frequent intervals. Growth data were plolted using 
Cricket Graphlll (Computer Associates). Doubling times were calcu- 
lated using the linear portion of the growth curves. 
Analysis of DAPCStained Interphase and Mitotic Nuclei 
AHl, AMicLH, and CU428 cells were grown to 2 x lo5 to 3 x 1 O5 
cells/ml, harvested, and washed in 10 mM Tris-HCI (pH 7.5). Cells 
were fixed with 2% paraformaldehyde for 1 hr at room temperature 
and then washed with 10 mM Tris-HCI (pH 7.5), followed by staining 
with 0.001 pglml of the DNA-specific dye DAPI (Boehringer Mann- 
heim). The stained cells were washed in 10 mM Tris, air dried onto 
slides, and mounted in 1,4-diazabicyclo(2.2.2)octane (DABCO) (Sigma 
Chemical Company). Macro- and micronuclei were visualized using 
an Olympus BH-2 fluorescent microscope with an S-Plan 100x oil 
immersion lens. Mitosis was monitored by taking pictures of cells with 
dividing micronuclei. Images of nuclei were recorded using an ITC-48 
television camera (Ikegami Tsushinki Company, Limited) connected 
to a VCR. Images were played back on a 20” TV monitor, and the 
DAPI-stained areas of macro- and micronuclei of interphase cells were 
traced on Xerox 61/z” x 11” transparencies (Xerox Corporation). Indi- 
vidual nuclei were then cut out from the transparencies and weighed. 
The weight in milligrams was used as an arbitrary unit for the size of 
nucleus; 100 such measurements for randomly encountered macro- 
or micronuclei from either AHI, AMicLH, or CU428 cells were made. 
Data were analyzed and histograms of nuclei sizes were plotted using 
Cricket Graphlll. 
To measure the DNA contents of macro- and micronuclei, we iso- 
lated nuclei (Gorovsky et al., 1975), stained them with propidium io- 
dide, and analyzed them using FACS as described by Allis and Den- 
nison (1982). 
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